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[57] ABSTRACT

The 1nvention, 1n one embodiment, 1s a method for com-
mitting the results of at least two speculatively executed
instructions to an architectural state 1n a superscalar proces-
sor. The method includes determining which of the specu-
latively executed instructions encountered a problem in
execution, and replaying the instruction that encountered the
problem 1n execution while retaining the results of executing,
the 1nstruction that did not encounter the problem.
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PROCESSOR PIPELINE INCLUDING
PARTIAL REPLAY

BACKGROUND OF THE INVENTION

1. Field of the Invention

This 1invention relates generally to pipelined processors,
and more particularly, to a partial replay mechanism for a
processor pipeline.

2. Description of the Related Art

Computers and many other types of machines are engi-
neered around a “processor.” A processor 1s an integrated
circuit that executes programmed instructions stored 1n the
machine’s memory. There are many types of processors and
there are several ways to categorize them. For instance, one
may categorize processors by their imntended application,
such as microprocessors, digital signal processors (“DSPs”),
or controllers. One may also categorize processors by the
complexity of their instruction sets, such as reduced instruc-
tion set computing (“RISC”) processors and complex
instruction set computing (“CISC”) processors. The opera-
fional characteristics on which these categorizations are
based define a processor and are collectively referred to as
the processor’s architecture. More particularly, an architec-
ture 1s a specification defining the interface between the
processor’s hardware and the processor’s software.

One aspect of a processor’s architecture 1s whether it
executes 1nstructions sequentially or out of order.
Historically, processors executed one instruction at a time 1n
a sequence. A program written in a high level language was
compiled 1nto object code consisting of many individual
instructions for handling data. The instructions might tell the
processor to load or store certain data from memory, to move
data from one location to another, or any one of a number of
data manipulations. The instructions would be fetched from
memory, decoded, and executed 1n the sequence in which
they were stored. This 1s known as the “sequential program-
ming model.” Out of order execution 1nvolves executing
instructions 1n some order different from the order 1n which
they are presented by the program, 1.e., out of order or
non-sequentially.

The sequential programming model creates what are
known as “data dependencies” and “control dependencies.”
For 1nstance, 1f one uses the variable x to calculate a result,
one needs to know the value of x and that value might
depend on results from previously executed instructions.
Similarly, a group of instructions might contain two alter-
native subsets of instructions, only one of which will be
executed, depending on some specified condition. Thus, the
result of executing the group of instructions will depend on
whether a branch 1s executed. Even out of order execution
follows this sequential programming model, and 1t therefore
also creates data and control dependencies.

A second aspect of a processor’s architecture 1s whether
it “pipelines” instructions. The processor fetches instruc-
fions from memory and feeds them into one end of the
pipeline. The pipeline 1s made of several “stages,” each stage
performing some function necessary or desirable to process
instructions before passing the instruction to the next stage.
For mstance, one stage might fetch an instruction, the next
stage might decode the fetched instruction, and the next
stage might execute the decoded mstruction. Each stage of
the pipeline typically moves the instruction closer to

completion.

Some processor pipelines process selected instructions
“speculatively.” Exemplary speculative execution tech-
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niques include, but are not limited to, advanced loads,
branch prediction, and predicate prediction. Speculative
execution means that mstructions are fetched and executed
before resolving pertinent control dependencies. Speculative
execution requires a prediction as to what instructions are
needed depending on whether a branch 1s taken, executing
fetched instructions, and then verifying the execution and
prediction. The pipeline executes a series of instructions
and, 1n the course of doing so, makes certain predictions
about how control dependencies will be resolved. For
instance, 1f two 1nstructions are to be alternatively executed
depending on the value of some quantity, then the pipeline
has to guess what that value will be or which instruction will
be executed. The pipeline then predicts the next instruction
to be executed and fetches the predicted instruction before
the previous 1nstruction 1s actually executed.

A pipeline therefore has the tremendous advantage that,
while one part of the pipeline 1s working on a first
instruction, a second part of the pipeline can be working on
a second mstruction. Thus, more than one 1nstruction can be
processed at a time, thereby increasing the rate at which
instructions can be executed 1n a given time period. This, in
turn, 1ncreases the processor throughput.

Verification 1s one of the pipeline’s most significant
challenges. At the end of the pipeline, the results from
executed 1nstructions are temporarily stored 1n a buffer until
all their data and control dependencies have been actually
resolved. The pipeline then checks to see whether any
problems occurred. If there are no problems, then the
executed 1nstructions are “retired.” This 1s sometimes
referred to as “commitment to an architectural state” or
“retirement to a committed state.” Retirement or commiut-
ment signals that all dependencies have been correctly
resolved and that the execution results are finalized.

However, no pipeline correctly predicts all eventualities
and, when problems occur, they must be repaired. Problems
can typically be traced to:

(1) executing an instruction that should not have been
executed;

(2) omitting an instruction that should have been
executed; or

(3) executing an instruction with incorrect data.

The effects of such problems on subsequent execution of
instructions must also be repaired. Once the problem and its
ciiects have been repaired, the pipeline can then process the
execution stream correctly.

Most pipelined processors “stall” the pipeline upon
detecting a problem. As discussed above, the pipeline is
usually divided into several stages. Progress through the
stages 1s governed by a number of latches enabled by a
signal generated by a particular part of the pipeline. If a
problem 1s detected, the latches are disabled and the pipeline
“stalls” such that the instructions can no longer be trans-
ferred 1nto the next stage. The problem and its effects are
then repaired, the latches are re-enabled, and the pipeline
resumes.

Design considerations now counsel against stall pipelines
in some circumstances. A stall pipeline must receive signals
from different parts of the pipeline, determine whether the
pipeline must stall, and then broadcast the appropriate signal
to enable or stall pipeline progression. This determination
takes a certain amount of time. New generations of proces-
sors are now operating at frequencies that make that amount
of time a significant design constraint.

Some processor pipelines “replay” in addition to stalling.
Replay 1s the re-execution of instructions upon detecting an
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execution problem 1n the retirement of speculative results.
The speculative results are not retired, 1.€., used to update the
architectural state of the processor, but are 1nstead 1gnored.
The pipeline corrects the problem and then re-executes the
instructions. The new results are then checked for problems
and retired.

One such processor 1s the Alpha 21164 microprocessor,
commercially available from Digital Equipment Corpora-
tion. The Alpha 21164 stalls only the first three stages of the
pipeline. If a problem occurs after the third stage, the Alpha
21164 replays the entire pipeline beginning with the repaired
problem 1nstead of stalling the problem in midstream.
However, replaying the entire pipeline regardless of the
problem can be expensive 1n terms of time. The Alpha 21164
therefore combines expensive stalling with complex
decision-making circuitry necessary to determine when to
replay. Also, when the Alpha 21164 replays, 1t replays the
entire pipeline line even though the problem may be local-
1zed at some point 1n the pipeline.

The demand for faster, more powerful processors con-
tinually outstrips present technology. The demand pressures
all aspects of processor architecture design to become faster,
which demand directly implicates pipeline throughput.
Thus, there 1s a need for a new technique for correcting
execution problems 1n a pipelined process.

The present invention 1s directed to overcoming, or at
least reducing the effects of, one or more of the problems set
forth above.

SUMMARY OF THE INVENTION

The 1nvention, 1n one embodiment, 1s a method for
committing the results of at least two speculatively executed
instructions to an architectural state 1n a superscalar proces-
sor. The method includes determining which of the specu-
latively executed instructions encountered a problem in
execution, and replaying the instruction that encountered the
problem 1n execution while retaining the results of executing,
the 1nstruction that did not encounter the problem.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and advantages of the invention will
become apparent upon reading the following detailed
description and upon reference to the drawings in which:

FIG. 1 conceptually illustrates an embodiment of a pipe-
line constructed and operating according to the present
mvention;

FIG. 2A depicts a first embodiment of a queue between
the front and back ends of the pipeline illustrated 1n FIG. 1;

FIG. 2B depicts a second embodiment of a queue between
the front and back ends of the pipeline illustrated 1n FIG. 1;
and

FIG. 3 conceptually 1llustrates one particular variation on
the pipeline of FIG. 1;

FIG. 4 1llustrates an embodiment of a method for com-
mitting the results of speculatively executed mstructions to
an architectural state according to the present invention; and

FIG. 5 illustrates an embodiment of a method for pro-
cessing 1n a processor 1n accord with the present invention.

While the mvention 1s susceptible to various modifica-
fions and alternative forms, speciiic embodiments thereof
have been shown by way of example 1n the drawings and are
herein described 1n detail. It should be understood, however,
that the description herein of speciiic embodiments 1s not
intended to limit the invention to the particular forms
disclosed, but on the contrary, the intention is to cover all
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modifications, equivalents, and alternatives falling within
the spirit and scope of the invention as defined by the
appended claims.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

[llustrative embodiments of the mvention are described
below. In the interest of clarity, not all features of an actual
implementation are described 1n this specification. It will of
course be appreciated that 1in the development of any such
actual embodiment, numerous i1mplementation-specific
decisions must be made to achieve the developers’ speciiic
goals, such as compliance with system-related and business-
related constraints, which will vary from one implementa-
tion to another. Moreover, it will be appreciated that such a
development effort, even 1f complex and time-consuming,
would be a routine undertaking for those of ordinary skill in
the art having the benefit of this disclosure.

FIG. 1 conceptually 1llustrates in an exploded view one
particular embodiment of a processor pipeline 10 con-
structed and operated 1in accordance with the present inven-
tion. The pipeline 10 generally comprises a front end 12, a
back end 14, and a queue 15 between the front end 12 and
the back end 14. The queue 15 1s capable of storing an
intermediate state of the processor (not shown) from which
the back end 14 may be replayed per a request transmaitted
over a channel 17 as set forth below.

In some embodiments, the queue 15 may be considered a
part of the back end 14 rather than separate from the back
end 14. However, for the sake of clarity and to further this
disclosure of the mvention claimed below, the queue 15 and
the back end 14 shall be discussed as separate parts of the
pipeline 10. Nevertheless, the 1nvention 1s not so limited as
the back end 14 may incorporate the queue 15 1n some
alternative embodiments.

The front end 12 fetches instructions, generates “micro-
ops” therefrom, and prepares the micro-ops for execution. A
micro-op 1s generally a single transaction that may be
executed by a single execution unit (not shown) of the
processor 1n a single clock cycle. An instruction 1s typically
a single a micro-op. However, in some embodiments, some
more complicated instructions might comprise three or more
micro-ops. Thus, there 1s not necessarily a one-to-one cor-
respondence between instructions and micro-ops.

The front end 12 in the embodiment 1llustrated generates
micro-ops from the instructions and enters them into the
queue 15 for execution. The generation of micro-ops from
instructions may also be referred to as “expanding” or
“decoding” the instructions. The back end 14 executes the
instructions as prepared by the front end 12 and stored 1n the
queue 15.

The queue 15 1s functionally positioned between the front
end 12 and the back end 14. The front end 12 enters
instructions 1n the form of micro-ops 1nto the queue 15. The
queued micro-ops define an intermediate state of the
machine from which the back end 14 of the pipeline 10 can
be replayed as discussed more fully below.

FIG. 2A 1llustrates one particular embodiment 35 of the
queue 15 1in FIG. 1. The queue 35 must be sufliciently wide
to feed the resources of the back end 14. For instance, 1n one
particular embodiment, the pipeline 10 includes N arith-
metic logic units (“ALUs”) executing instructions in parallel
and the queue 35 for that particular embodiment 15 N
columns wide. This particular embodiment 1s also
superscalar, and so 1t 1s sufficiently wide to provide micro-
ops to the N ALUs at every clock cycle.
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Although the queue 35 includes one column per ALU, this
structure 1s not necessary to the practice of the mmvention and
other suitable structures may be employed. For instance,
some embodiments might choose to implement N queues
35, each being one ALU wide. The queue 35 1s a master
queue 1n the sense that 1t queues the micro-ops for each
arithmetic logic unit (“ALU”) in the processor.

The queue 35 1s also suiliciently long that 1t can store the
micro-ops generated for each unretired instruction in the
back end 14. The micro-ops are not deallocated from the
queue 35 until the mstructions from which they are gener-
ated are retired. Thus, the queue 35 stores the intermediate
state of the pipeline 10. The state 1s “intermediate” in that 1t
represents the instructions in a state subsequent to their
initial state, 1.e., unexecuted, and prior to their final state,
1.€., retired. In the event a problem 1s detected 1n retirement,
the back end 14 can be replayed from the intermediate state
stored 1n the queue 35 without having to replay the entire
pipeline 10.

The queue 35 1n this particular embodiment includes a
head pomter 34. a tail pointer 36, and a replay pointer 38.
The head pointer 34 points to the “head” of the queue 35
where new micro-ops are entered 1nto the queue 35. The tail
pointer 36 points to the next row of micro-ops to enter the
back end 14 of the pipeline 10 for execution. The replay
pointer 38 points to the first row of micro-ops in the replay
when a replay 1s requested. The replay pointer 38 1s set to the
oldest, unretired micro-op 1n the queue 35. To nitiate a back
end replay, the pipeline 10 copies the replay pointer 38 1nto
the tail pointer 36. The copy repositions the tail pointer 36
to the oldest unretired micro-op 1n the queue 35 such that 1t
becomes the next micro-op read out of the queue 335.

Each of the pointers 34, 36, and 38 1s modulo incremented
so that they wraparound to form a circular queue. As new
micro-ops are written to the queue 35, the head pointer 34
1s 1incremented. Similarly, as micro-ops are read from the
queue 35, the tail pointer 36 1s incremented. Finally, as each
micro-op 1s retired, the replay pointer 38 is incremented.
Old, retired micro-ops are written over as the pointers 34,
36, and 38 are incremented so that old entries of retired
micro-ops 1n the queue 35 are reused. When one of the
pointers 34, 36, or 38 reaches the last entry 1n the queue 35
and 1s then advanced, 1t wraps around to the first entry in the
queue 35. The tail pointer 36 typically trails the head pointer
34 and the replay pointer 38 trails the tail pointer 36 as
shown 1n FIG. 2A, although this 1s not necessarily the case
as 1s discussed immediately below.

The queue 35 1s empty when the head pointer 34 equals
the tail pointer 36. The queue 35 1n this particular embodi-
ment always reserves one empty row for detecting a full
queue condition. Thus, when the head pointer 34 1s one less
than the replay pointer 38, the queue 35 1s full. In one
particular embodiment, the full pipeline 10 1s replayed when
the queue 35 becomes full. Alternative embodiments might
instead append an extra bit to each of the head pointer 34 and
the tail pointer 38. If the head pointer 34 and the replay
pointer 38 are equal, and if the appended bits are different,
then the queue 35 1s full. If the head pointer 34 and the replay
pointer 38 are equal, and if the appended bits are the same,
then the queue 35 1s empty.

FIG. 2B 1llustrates a second embodiment 35' of the queue
15 1n FIG. 1. The queue 35" 1s implemented with a shift
register and uses only two pointers. The queue 35" physically
shifts data down as micro-ops are retired. The oldest, unre-
tired micro-op 1s therefore always at the bottom of the shaft
register, thereby effectively fixing the replay pointer 38 1n
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the embodiment of FIG. 2A. Otherwise, the embodiment 35'
of FIG. 2B functions similarly to the embodiment 35 of FIG.
2A.

Turning now to FIG. 3, the front end 12 and the back end
14 generally include one or more “stages” of processing.
The front end 12 may be of any suitable design known to the
art. “Suitable” 1n this context means that the particular front
end 12 fetches 1nstructions from memory, expands them into
micro-ops, and enters them into the queue 15 for execution
by the back end 14. Other features may be desirable 1n
various alternative embodiments depending on the particular
implementation. However, a front end 12 will generally
include at least a fetch stage 16 and an expand, or decode,
stage 18.

The back end 14 of the embodiment 1llustrated 1n FIG. 1,

as shown 1n FIG. 3, also includes several stages of process-
ing. As with the front end 12, many alternative embodiments
may be implemented and particular features may be desir-
able depending on the particular implementation. However,
the back end 14 will generally include an execution stage 30
and a retirement stage 32. The back end 14 reads the
instructions from the queue 15, executes the micro-ops, and
retires executed 1nstructions. Execution problems are
checked for and detected 1n the retirement stage.

The stages 16, 18, 30, and 32 of the pipeline 10 above are

merely representative and are neither exclusive nor exhaus-
tive of stages that might be present 1n various alternative
embodiments. Further, as those 1n the art will appreciate, the
demarcation of stages and functions 1n a processor pipeline
are not necessarily so crisp or distinct as might appear from
FIG. 3. The pipeline 10 i FIG. 1 1s conceptualized for the
sake of clarity 1n explaining the present invention. Thus, the
precise structure of the front end 12 and the back end 14 1n
terms of stages 1s not pertinent to the practice of the
invention.

The retirement stage 32 1ncludes a set of retirement logic
20, a mask 25, a speculative register file 22, and an archi-
tectural register file 24. As the 1nstructions are executed, the
results are temporarily buifered in the speculative register
file 22 before retirement to the architectural register file 24.
The retirement logic 20 checks whether any problems
occurred 1n the execution of the imstructions whose results
arc buffered in the speculative register file 22. As the
retirement logic 20 checks the speculative results 1n the
speculative register file 22, 1ts sets the mask 25 to indicate
which instructions encountered problems and need to be
replayed.

The retirement logic 20 maintains the mask 12 to indicate
which 1nstructions encountered problems 1n execution and
which did not. The mask 12 includes a series of 1s and Os
indicating which instructions being checked contain a prob-
lem and need to be replayed. In an embodiment having a
queue 15 N ALUs wide, the mask includes N 1s and Os, one
for each ALLU. The mask 1s an 1ndex, or key, back 1nto the
queue 15 1identifying the point 1n the execution stream where
the problem occurred. The retirement logic (not shown)
transmits the mask and the replay request to the queue 135.
The tail pointer of the queue 15 1s then repositioned as
discussed above and the replay commences according to the
mask, which 1s merged by the queue 15 with the queued
MICro-ops.

Returning to FIG. 1, progress through the pipeline 10 1s
controlled by flip-flops (not shown) and/or staged domino
circuits (also not shown). In the embodiment of FIG. 1, the
flip-flops and/or staged domino circuits are free running as
the pipeline 10 does not stall. Instead of stalling when a
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problem 1s detected, the pipeline 10 1s either flushed or
dramned and a replay 1s instituted.

Returning to FIG. 1, the micro-ops generated from the
instructions are entered 1nto the queue 135, e.g., the queue 35
of FIG. 3A, as described above and enter the back end 14
from the queue 15. The back end 14 processes the micro-ops
and makes predictions to resolve data and control depen-
dencies when necessary. The micro-ops are processed on the
assumption that all predictions correctly resolve the under-
lying dependencies. Once the queued micro-ops are
executed, they are temporarily stored to await commitment
fo an architectural state.

As mentioned earlier, committing the instructions to the
architectural state mncludes checking for problems 1n execu-
fion. Problem checking may be performed 1n any suitable
manner known to the art. As will be appreciated by those 1n
the art, some amount of problem checking 1s implementation
specific. The precise manner 1n which problems are checked
1s not material to the present invention. If a problem 1is
detected, the uncommitted execution results are squashed, or
ignored. The pipeline 10 1s then flushed or drained, 1.€., the
pipeline 10 1s either reset or all instructions 1n the back end
14 are allowed to complete execution and the buifers are
reset.

Many types of problems may be detected. Exemplary
problems in one particular embodiment include:

(1) a cache miss;
(2) a branch or predicate misprediction;

(3) an exception, such as a page fault or an illegal
mstruction;

(4) a translation look-aside buffer (“'TLB”) miss; and

(5) certain data dependencies, such as loadstore conflicts.
In one particular embodiment, back end replay 1s, as a
ogeneral rule, instituted as a result of memory access prob-
lems. However, the mvention 1s not so limited. Also, some
problems may not result in back end replay. These problems
may be handled 1n other ways 1in some embodiments. These
variations are all implementation specific.

Once a problem 1s detected, the problem and its effects
must be repaired. Again, the repair will be implementation
specific depending on, among other things, the nature of the
problem. For imstance, 1f the problem 1is:

(a) a predicate misprediction, the correct predicate must
be mserted for the replay; or

(b) a load store conflict, the store must be completed, the
cache updated, and then the correct value loaded.
Problem repair can be quickly performed because the queue
15 has stored the intermediate state of the pipeline 10. Thus,
the problem can be identified and corrected 1n the queue 15
and the execution stream replayed. The effects of the prob-

lem will then necessarily be corrected in the replay.

In accord with the present invention, the back end 14 1s
replayed from the queued micro-ops, 1.€., the stored inter-
mediate state, 1f a problem 1s detected. The pipeline 10 1s
cither flushed or drained and the uncommitted results
squashed. The pipeline 10 then requests a replay over the
channel 17. Assuming the queue 15 1s implemented using
the embodiment of FIG. 2A, the pipeline copies the replay
pointer 38 1nto the tail pointer 36. Execution of the queued
micro-ops then commences as described above.

The results of the re-execution are temporarily buffered
and checked for problems. Although the problem necessi-
tating the replay should not reoccur, other problems might
arise. If a new problem 1s detected, then a replay 1s once
again requested as set forth above. The pipeline 10 will
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eventually produce a problem-free set of uncommitted
results that can then be retired. Since the original problem
should not reoccur, each 1teration of the back end 14
progresses toward retirement of the 1nstructions from which
the micro-ops were generated. Techniques for predicting
control and data dependencies are sophisticated and suffi-
ciently accurate that replay 1s the exception rather than the
rule.

FIG. 4 presents one embodiment of a method for com-
mitting the results of at least two speculatively executed
instructions to an architectural state 1n a superscalar proces-
sor employing a pipeline such as the pipeline 10 of FIGS. 1
and 2. The method comprises first determining which of the
speculatively executed instructions encountered a problem
In execution. Second, replaying the instruction that encoun-
tered the problem 1n execution while retaining the results of
executing the 1nstruction that did not encounter the problem.

The method of FIG. 4 1s susceptible to variation. The
results of the instructions that were executed without prob-
lem may be retained, 1n various alternative embodiments, by
committing the results to an architectural state or by holding
them 1n the speculative registers 22. In the latter case, the
contents of the speculative registers 22 are committed to an
architectural state when each of the at least two instructions
has been correctly executed.

In one particular embodiment of the method 1n FIG. 4,
determining which of the speculatively executed instruc-
tions encountered the problem includes at least three sepa-
rate acts. First, the retirement logic 20 checks for whether
any of the instructions encountered a problem in execution.
Second, the retirement logic 20 indicates which of the
speculatively executed instructions encountered the problem
in execution. Last, the retirement logic 20 transmits the
indication to a predetermined point 1 a pipeline of the
processor for replay.

Typically, 1n this particular embodiment, the indication 1s
the mask 25. Further, replaying the instruction that encoun-
tered the problem 1n execution generally includes replaying
a back end 14 of the pipeline 10. In the pipeline 10 of FIG.
2, the pipeline 10 includes a micro-op queue 15, and the
predetermined point to which the indication 1s transmitted 1s
the micro-op queue 185.

The method of FIG. 4 may also be practiced as part of a
larcer method for executing instructions in a processor
pipeline as 1s shown 1n FIG. 5. The method generally begins
by speculatively executing a plurality of mstructions. Next,
the pipeline selectively retires the speculatively executed
plurality of instructions. This selective retirement includes
determining which of the plurality of instructions were
executed without problem, commutting the results of 1nstruc-
tions executed without problem to an architectural state, and
indicating which 1nstructions encountered a problem in
execution. Finally, the instructions that encountered a prob-
lem 1n execution are replayed.

As with the method of FIG. 4, the method of FIG. 5 1s
susceptible to variation. For instance, speculatively execut-
ing the plurality of instructions may include queuing the
instructions 1n the pipeline and the instructions may be
queued when they are decoded. Also, replaying the instruc-
tions that encountered the problem in execution includes
replaying a back end of a pipeline for the processor, although
other variations of replay might be used. Indicating which of
the speculatively executed instructions encountered a prob-
lem 1n execution generally includes transmitting the 1ndica-
tion to a predetermined point 1n a pipeline of the processor
for replay. The indication 1s usually the mask 25. In the
pipeline 10 of FIG. 2, the micro-op queue 15 may be the
predetermined point to which the indication is transmitted.
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Thus, the present mvention increases the time-efficiency
of a pipeline by replaymmg the back end 14 rather than
stalling or replaying the entire pipeline 10. Correcting prob-
lems by stalling the pipeline 10 might cost twenty clock
cycles whereas back end replay as described above might
cost as few as ten cycles. The practice of the invention might
therefore reduce the amount of time spent correcting prob-
lems by half in some circumstances.

The particular embodiments disclosed above are illustra-
five only, as the invention may be modified and practiced in
different but equivalent manners apparent to those skilled in
the art having the benefit of the teachings herein.
Furthermore, no limitations are intended to the details of
construction or design herein shown, other than as described
in the claims below. It 1s therefore evident that the particular
embodiments disclosed above may be altered or modified
and all such variations are considered within the scope and
spirit of the mvention. Accordingly, the protection sought
herein 1s as set forth in the claims below.

What 1s claimed:

1. Amethod of replaying a speculatively executed instruc-
flon comprising:

queulng 1nstructions, which 1nclude speculative
instructions, 1n a pipeline queue;

determining which of the speculative instructions encoun-
tered a problem in execution;

allowing for partial replay by allowing certain istructions
in the pipeline queue to complete; and

replaying the instruction that encountered the problem in
execution from the pipeline queue without reloading
the pipeline queue, while retiring an instruction in the
queue that did not encounter the problem.

2. The method of claam 1, wherein the retiring the
instruction that did not encounter the problem includes
committing a non-speculative result to an architectural state.

3. The method of claim 2, further including the storing of
a speculative result 1n a register for a speculative 1nstruction
which cannot be retired.

4. The method of claim 3, wherein said determining which
of the speculative instructions encountered the problem
includes 1dentifying a point in the pipeline where replay 1is
o commence.

5. The method of claim 4, wherein said queuing specu-
lative 1nstructions includes queuing micro-ops of those
instructions.

6. A method of processing instructions 1n a processor
comprising:

queulng 1nstructions, which 1nclude speculative

instructions, 1n a pipeline queue of the processor;

determining which of the speculative 1nstructions encoun-
tered a problem 1n execution;

allowing for partial replay by allowing certain instructions
in the pipeline queue to complete, and
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replaying the mstruction that encountered the problem 1n
execution from the pipeline queue without reloading
the pipeline queue, while retiring an instruction 1n the
queue that did not encounter the problem.

7. The method of claim 6 further including the fetching
and decoding of the 1nstructions prior to queuing the instruc-
fions.

8. The method of claim 6 further including the storing of
a speculative result 1n a register for a speculative instruction
which cannot be retired and the retiring the instruction
includes committing a non-speculative result to an architec-
tural state.

9. The method of claim 8, wherein said determining which
of the speculative instructions encountered the problem
includes identifying a point in the pipeline where replay 1s
to commence.

10. The method of claim 9, wherein said queuing specu-
lative 1nstructions includes queuing micro-ops of those
instructions.

11. A processor pipeline comprising:

a front end for receiving instructions for the pipeline;

a back end for executing the instructions; a queue coupled
between the front end and the back end for queuing
instructions, including speculative instructions, which
are to be executed and 1n which a speculative instruc-
tion encountering a problem 1is 1dentified; and

a loop coupled to said queue and said back end for
replaying the instruction that encountered the problem
in execution without reloading instructions in said
queue, while retiring an 1nstruction that did not encoun-
ter the problem.

12. The processor pipeline of claim 11, wherein said loop

replays 1nstructions 1n said back end.

13. The processor pipeline of claim 12, wherein said back
end further mncludes a mask to indicate the instruction that
encountered the problem 1n execution.

14. The processor pipeline of claim 11, wheremn said
queue 1s part of said back end.

15. The processor pipeline of claim 11, wherein the queue
queues micro-ops assoclated with the instructions.

16. The processor pipeline of claim 11, wherein said front
end includes a fetch stage and a decode stage.

17. The processor pipeline of claim 11, wherein the back
end includes a retirement stage.

18. The processor pipeline of claim 15, further including
a tail pointer to 1dentify a location of a next micro-op to enter
the back end and a replay pointer to 1dentify a location of an
executed, but unretired micro-op, said loop for having a
content of the replay pointer placed 1n the tail pointer when
requesting a replay.
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